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Studies on the stereoisomers of 3-adrenoceptor
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1 Atrial and ventricular chronotropic effects of the individual stereoisomers of propranolol,
pindolol, metoprolol and penbutolol were studied in conscious dogs with chronic atrio-ventricular (A-
V) block. Ventricular P-adrenoceptor blocking activity was assessed for all drugs against isoprenaline
under the same experimental conditions.
2 At low doses, the stereoisomers ofpropranolol and penbutolol decreased atrial rate, whereas those
of pindolol and metoprolol produced an increase. At higher doses, all drugs increased atrial rate. All
drugs decreased ventricular rate dose-dependently except (+ )-pindolol.
3 Relative ventricular P-blocking potencies of the (-)-isomers of propranolol, pindolol, metoprolol
and penbutolol were respectively 38, 21, >43 and 31 times higher than those of their corresponding
(+ )-isomers. In addition, P-blocking potencies of (-)- and (+ )-pindolol were respectively 60 and 120
times higher, those of (-)- and (+ )-penbutolol 7 and 8 times higher and those of (-)- and (+)-
metoprolol 4 and >4 times weaker than those of (-)- and (+ )-propranolol.
4 At comparable levels of ventricular P-adrenoceptor blockade, (-)-pindolol and (- )-metoprolol
were more potent in producing ventricular bradycardia than their respective (+)-isomers, whereas
(-)- and (+ )-propranolol and (-)- and (+ )-penbutolol were equiactive. In addition, regardless of
which isomer was being studied, the order of ventricular bradycardiac potencies, at comparable levels
of P-adrenoceptor blockade, was metoprolol > propranolol > penbutolol> pindolol.
5 These results show that antagonism ofP-adrenoceptors in the ventricle is at least partly responsible
for the ventricular bradycardiac effect produced by these drugs, but also that some other factor,
apparently distinct from the membrane stabilizing activity, is involved, suggesting the existence of
some other as yet unknown pharmacological property ofthe P-adrenoceptor blocking drugs, especially
evident in metoprolol. Finally, these results demonstrate that the intrinsic sympathomimetic activity
exhibited by some of these drugs attenuate their bradycardiac effect.

Introduction

In previous studies in the conscious dog with chronic
atrio-ventricular (A-V) block (Boucher & Duchene-
Marullaz, 1980), we have shown that while the degree
of ventricular bradycardia induced by an individual P-
adrenoceptor blocking drug was proportional to the
degree of ventricular P-adrenoceptor blockade
produced by that drug, comparable ventricular P-
adrenoceptor blocking doses of different drugs
produced differing degrees of ventricular bradycardia.
The known pharmacological properties of the P-ad-
renoceptor blocking agents involved, e.g. propranolol
and metoprolol, failed to provide any rational explan-
ation for these observations.
A large number of studies have clearly demon-

strated that the P-adrenoceptor blocking activity of
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racemic P-adrenoceptor blocking drugs mainly resides
in the (-)-isomer (Levy & Richards, 1966; Shanks &
Dunlop, 1967; Whitsitt & Lucchesi, 1967; Barrett &
Cullum, 1968; Toda et al., 1978; Kaiser, 1980),
whereas of those P-adrenoceptor blocking agents
possessing membrane stabilizing activity, this is main-
ly associated with the (+)-isomer (Lucchesi et al.,
1967; Tremblay et al., 1973; Kaiser, 1980; lansmith et
al., 1983) or is equally shared between both isomers
(Barrett & Cullum, 1968; Davis & Temte, 1968; Levy,
1968; Dohadwalla et al., 1969; Pollen et al., 1969;
Tomlinson et al., 1980). This latter activity is held
responsible for all or some of the cardiodepressant
side-effects observed with these agents, particularly
depression of contractility and automaticity (Howe &
Shanks, 1966; Lucchesi et al., 1967; Parmley &
Braunwald, 1967; Engelhardt & Traunecker, 1969;
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Fitzgerald et al., 1972; Hellenbrecht et al., 1974).
In the light of these results we set out to analyse the

bradycardiac effects of certain P-adrenoceptor block-
ing drugs by investigating the individual effects of the
(-)- and (+ )-isomers of propranolol, pindolol,
metoprolol and penbutolol, which possess different
ancillary pharmacological properties. We measured,
in the conscious dog with chronic A-V block, the atrial
and ventricular chronotropic effects of both
stereoisomers of each drug, and the intensities of the
corresponding ventricular P-adrenoceptor blockade
obtained, in order to determine whether, at the same
level of P-adrenoceptor blockade, the ventricular
bradycardia induced by the (- )- and (+ )-isomers of
the same drug was of similar magnitude. The ex-
perimental model used provides very high ventricular
sensitivity to P-adrenoceptor blockade, as already
shown in previous work involving various P-adreno-
ceptor blocking agents (Ruttenberg et al., 1970;
Duchene-Marullaz et al., 1975; Reynolds & Di Salvo,
1978; Boucher & Duchene-Marullaz, 1980). High
ventricular sensitivity of this type of model to mem-
brane stabilizing activity has also been demonstrated
in work on antiarrhythmic agents of Vaughan-
Williams's class I type (Nye & Roberts, 1966; Baum et
al., 1975; Katoh et al., 1982).

Methods

Six mongrel dogs of either sex, weighing between 14
and 22 kg were used. They were housed in individual
cages in a large colony room with food and water
continuously available in their home cages.

Experimental procedure

In these dogs, A-V block was induced at least 2 months
earlier; this time lapse is sufficient for atrial and
ventricular rates to become stable (Boucher et al.,
1982). A-V block was produced by crushing the bundle
of His with forceps introduced through the open right
atrium during temporary occlusion of the venae cavae
(Fredericq's modified technique: Fredericq, 1904;
Boucher & Duchene-Marullaz, 1985). Two of these
dogs were in addition fitted with a catheter, for long-
term measurement of blood pressure, inserted into the
left external iliac artery and connected to a valve fixed
on the dog's neck according to a technique derived
from that described by Bloomberg et al. (1970).

Measurements

Electrocardiographic and blood pressure monitoring
were carried out with a Cardiopan III T instrument
(Massiot-Philips) and a Statham P23 Db transducer
connected to the arterial valve and linked to the

recorder via a pressure module. During recording, the
dogs, which had been habituated to the experimenta-
tion procedure, were placed on a table and lightly
restrained. A microcatheter was fitted before each test
in a cephalic vein to allow painless drug administra-
tion.

Protocol

(-)-Propranolol hydrochloride was administered in-
travenously at doses between 19.5 and 312;Lg kg-';
(+)-propranolol hydrochloride between 312 and
10000 tgkg-'; (-)-pindolol base between 0.61 and
9.751tgkg-'; (+)-pindolol base between 1.22 and
312pgkg-'; (-)-metoprolol hydrochloride between
78 and 1250 fg kg-'; (+ )-metoprolol hydrochloride
between 1250 and 10000 jg kg- ; (- )-penbutolol sul-
phate between 4.87 and 78 ;tg kg- '; (+ )-penbutolol
sulphate between 19.5 and 5000 fig kg-'. These doses
were selected in order to obtain levels of ventricular P-
adrenoceptor blockade of comparable intensity with
all drugs. The study was conducted in six prepared
dogs. A control group comprised the same six dogs
given 0.5 ml kg-' i.v. physiological saline (0.9% w/v
NaCl solution). Each injection lasted 30 s and at least 4
days elapsed between successive tests performed on
the same animal. This time lapse was found adequate
for complete return to basal values of both spontan-
eous heart rates and those resulting from isoprenaline
challenge. Atrial and ventricular rates, (determined
over a 30 s period), and blood pressure were measured
before and 1, 3 and 5 min after injection, and thereaf-
ter every 5 min for I h. In order to determine the
intensity of the induced ventricular P-adrenoceptor
blockade, the six dogs were in addition given two i.v.
injections (lasting 15 s) of isoprenaline hydrochloride
(1 fig kg-'), the first 15min before and the second
60 min after the administration of each dose of the
eight drugs. Ventricular rate was measured before
each injection of isoprenaline and at the time of
maximal induced cardioacceleration (on average 30 s
after the injection).

Drugs

(-)- and (+)-Propranolol HCl were obtained from
I.C.I. Pharma Laboratories (U.K.), (-)- and (+)-
pindolol from Sandoz Laboratories (France), (-)-
and (+)-metoprolol HCI from Ciba-Geigy
Laboratories (Switzerland), (-)- and (+ )-penbutolol
sulphate from Hoechst Laboratories (France) and
(±)-isoprenaline HCI from Winthrop Laboratories
(France).

Statistical analysis

Results were expressed as means ± s.e.mean for each
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30 s measuring period, and also as mean maximal
variations in rate and blood pressure ± s.e.mean. This
parameter was calculated as follows: the period after
which maximal or minimal mean rate or mean blood
pressure had been attained was determined during the
30 min period following injection. The mean dif-
ference between corresponding individual rates or
blood pressures and their basal values was calculated,
giving mean maximal variations ± s.e.mean. The in-
tensity of ventricular P-adrenoceptor blockade was
assessed in terms of percentage reduction of control
ventricular cardioacceleration by comparing for each
animal the isoprenaline-induced ventricular cardio-
acceleration before and after each drug dose. The
regression lines describing the relationships between
the maximal decrease in ventricular rate and the dose
administered, and between the percentage reduction
ofisoprenaline-induced ventricular cardioacceleration
and the dose administered were determined, with their
correlation coefficient, after having checked for the
best linear fit (effect-log dose) by analysis of variance
with testing for linearity. Effective doses ED25 (the
dose of drug producing a reduction of 25% of the
isoprenaline-induced ventricular cardioacceleration)
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were calculated whenever possible. The correlation
lines relating the intensities of the ventricular 0-adreno-
ceptor blockade and the corresponding ventricular
bradycardias were also computed for each drug and
the significance of the correlation coefficient deter-
mined. Statistical analysis of the data was performed
using analysis of variance in complete blocks without
repeated measures, followed, when the F value was
significant, by multiple comparisons using Student's t
test, and for comparison of the ventricular bradycar-
dias produced by two drugs at comparable P-adreno-
ceptor blockade, analysis of variance testing in
particular for parallelism and difference in intensity
was used.

Results

Control series

Mean basal atrial and ventricular rates for the 6 dogs
were 84 ± 5 and 42 ± 2 beats min ', respectively.
These rates were not significantly modified during the
60 min following administration of physiological
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Figure 1 Maximal effects on (a) atrial (open columns) and ventricular (solid columns) rates, and (b) percentage
reduction of isoprenaline-induced ventricular cardioacceleration (hatched columns) by (-)-propranolol (A) and (+ )-
propranolol (B) in conscious dogs with chronic atrioventricular block. Values are means for groups of6 dogs. Vertical
lines show s.e.mean. *0.01 <P <0.05, **0.00<1P<0.01, ***P<0.001 in comparison with control values.
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saline. Mean atrial rate remained between 80 ± 6 and
89 ± 6 beats min-' and mean ventricular rate between
41 ± 3 and 44 ± 2 beats min-' throughout the
measuring period.

Effects on atrial rate

At the lowest dose administered (19.5 and 312 psg kg- ',
respectively), (-)- and (+)-propranolol significantly
decreased atrial rate (P <0.01). At higher doses, both
drugs increased atrial rate (P< 0.01) (Figure 1). Both
(-)- and (+ )-pindolol produced an increase in atrial
rate, significant from 2.44 and 19.5 fg kg- upwards,
respectively (P<0.01) (Figure 2); (-)- and (+)-
metoprolol also increased atrial rate, and this change
was significant from 625 and 5000 leg kg- 1, respective-
ly (P<0.01) (Figure 3). At the three lowest doses
used, (-)- and (+)-penbutolol decreased atrial rate,
significantly only at 9.75 fig kg-' for (- )-penbutolol
and at the three doses for (+ )-penbutolol (P< 0.05).
At higher doses, both drugs increased atrial rate
(P< 0.01) (Figure 4).

Effects on ventricular rate

At all doses used, (-)- and (+ )-propranolol and (-
and (+)-metoprolol brought about a significant de-
crease in ventricular rate (P< 0.001) (Figures 1 and 3).
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These effects, which appeared at the 1st min after
injection and persisted throughout the 60 min
observation period, were dose-related (P < 0.05).
(-)-Pindolol decreased ventricular rate, and this
change was significant from 1.22 leg kg-' (P<0.01).
This dose-related (P < 0.001) effect lasted only 10 to
30min. (+)-Pindolol initially decreased ventricular
rate at the two highest doses, but this was significant
only at 312 l#g kg-' (P< 0.001) (Figure 2). Thereafter,
at all doses used, it increased ventricular rate
(P<0.05) from the 10thmin until the end of the
observation period. (-)- And (+)-penbutolol de-
creased ventricular rate, this was significant from
9.75 psg kg-' for the (-)-isomer and at all doses for the
(+ )-isomer (P <0.01). These effects, which appeared
between the 3rd and thr,:.,0th min and persisted
throughout the whole obse. vation period, were dose-
related (P< 0.001) (Figure 4).

Ventricular A-adrenoceptor blocking potencies

The doses of the various drugs used produced ven-
tricular P-adrenoceptor blockade, assessed in terms of
percentage reduction of isoprenaline-induced ven-
tricular cardioacceleration, of comparable intensity
for all the drugs tested except for (+ )-metoprolol for
which higher toxic doses would have been necessary
(Figures 1-4). For each particular drug, ventricular P-
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Figure 2 Maximal effects on (a) atrial (open columns) and ventricular (solid columns) rates, and (b) percentage
reduction of isoprenaline-induced ventricular cardioacceleration (hatched columns) by (-)-pindolol (A) and (+ )-
pindolol (B) in conscious dogs with chronic atrioventricular block. Values are means for groups of6 dogs. Vertical lines
show s.e.mean. *0.01 <P<0.05, **0.001 <P<0.01, ***P<0.001 in comparison with control values.
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Figure 3 Maximal effects on (a) atrial (open columns) and ventricular (solid columns) rates, and (b) percentage
reduction of isoprenaline-induced ventricular cardioacceleration (hatched columns) by (-)-metoprolol (A) and (+ )-
metoprolol (B) in conscious dogs with chronic atrioventricular block. Values are means for groups of 6 dogs. Vertical
lines show s.e.mean. *0.01 <P<0.05, **0.001 <PC0.01, ***P<0.001 in comparison with control values.
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Figure 4 Maximal effects on (a) atrial (open columns) and ventricular (solid columns) rates, and (b) percentage
reduction of isoprenaline-induced ventricular cardioacceleration (hatched columns) by (- )-penbutolol (A) and (+ )-
penbutolol (B) in conscious dogs with chronic atrioventricular block. Values are means for groups of 6 dogs. Vertical
lines show s.e.mean. *0.01I <P< 0.05, **0.01 I <P <CO.l, ***P<0.o(JI in comparison with control values.
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adrenoceptor blocking potency was linearly log dose-
related (0.49 < r < 0.89, P < 0.005). Table I shows
the ED25 values determined from the corresponding
regression lines.

Correlations between ventricular P-adrenoceptor
blockade and ventricular bradycardia

Both (-)- and (+)-propranolol and (-)- and (+)-
metoprolol showed only weak correlations between
the intensity ofthe induced ventricular P-adrenoceptor
blockade and the amplitude of the corresponding
ventricular bradycardia (0.35 <r <0.48, P <0.05),
whereas both isomers of pindolol and penbutolol
showed rather higher correlation coefficients
(0.40< r< 0.61, P< 0.02). In addition, (- )-pindolol
and (-)-metoprolol, at doses producing identical
ventricular P-adrenoceptor blockade, were more
potent in producing ventricular bradycardia than the
corresponding (+ )-isomers (P <0.001). Both isomers
of propranolol and of penbutolol were shown to be
statistically equipotent. For either isomer, the order of
bradycardiac potencies at identical P-adrenoceptor
blocking intensities was metoprolol> propranolol
> penbutolol> pindolol.

Effects on mean blood pressure

At none of the doses used did (-)- and (+ )-pindolol,
(- )-metoprolol and (-)-penbutolol produce any
effect on mean blood pressure, whereas (-)-propran-
olol from 78 pg kg- ', (+ )-propranolol from
5000 jug kg- ,(+ )-metoprolol from 1250 fig kg- 1 and
(+ )-penbutolol at 5000 fg kg- ' lowered mean blood
pressure by 20-30 mmHg. However, these effects on
blood pressure were only transient (< 5 min).

Discussion

In the conscious dog with chronic A-V block, low
doses of (-)- or (+ )-propranolol and (-)- or (+ )-
penbutolol lowered atrial rate whereas low doses of
(-)- or (+ )-pindolol and (-)- or (+ )-metoprolol

increased it. At higher doses, all these drugs increased
atrial rate. These results are fully consistent with those
obtained under the same conditions with (± )-
propranolol and (±)-metoprolol (Boucher &
Duchene-Marullaz, 1980) and with (±)-pindolol
(Duchene-Marullaz et al., 1975; Boucher et al., 1984).
Given the strong vagal tone and the weak adrenergic
tone prevailing at the atrial level (Robinson et al.,
1973; Duchene-Marullaz et al., 1975; Reynolds & Di
Salvo, 1978; Boucher et al., 1979; Boucher& Duchene-
Marullaz, 1980), the cardioacceleration observed is
undoubtedly of reflex origin through attenuation of
the vagal tone in response to the simultaneously
observed fall in the ventricular rate and to the slight
hypotensive effect of these agents. The very high
intrinsic sympathomimetic activity of pindolol
(Barrett & Carter, 1970) must also be involved to some
extent. The progressive reversal of the atrial chron-
otropic effects observed with propranolol and pen-
butolol can be ascribed to the association of dose-
dependent attenuation of sympathetic tone by P-ad-
renoceptor blockade and progressive reflex suppres-
sion of vagal tone.

Except for (+)-pindolol, all the drugs lowered
ventricular rate dose-dependently. This result is cons-
istent with previous results obtained with (±)-
propranolol and (±)-metoprolol (Ruttenberg et al.,
1970; Duchene-Marullaz et al., 1975; Reynolds & Di
Salvo, 1978; Boucher & Duchene-Marullaz, 1980).
This bradycardiac effect is at least partly due to
progressive suppression of sympathetic tone by P-
adrenoceptor blockade, but the membrane stabilizing
effect of some of the drugs would also be expected to
be involved. The absence ofventricular bradycardia in
the case of (+)-pindolol might be partly due to its
intrinsic sympathomimetic activity, given the high
doses administered.
As regards the intensity of ventricular P-adrenocep-

tor blockade obtained, the (-)-isomers proved to be
much more potent than the corresponding (+)-
isomers. Stereoisomer (-/+ ) potency ratios obtained
from ED25 values were respectively 38, 21, >43 and 31
for propranolol, pindolol, metoprolol and penbutolol,
respectively. These values are consistent with those

Table 1 Ventricular P-adrenoceptor blocking potencies of the optical isomers of propranolol, pindolol, metoprolol
and penbutolol'

Isomers

Laevo (-)
Dextro (+)

Propranolol

62± 2
2380 ± 210

Pindolol

0.96 ± 0.03
21 ± I

Metoprolol

233 ± 5
>10000

Penbutolol

9.30± 0.44
293 ± 17

'These potencies were expressed as ED25 (pLg kg- ) with respect to ventricular cardioacceleration induced by 1 Jtg kg-'
isoprenaline. ED25 values were determined from regression lines relating percentage reduction ofcardioacceleration to
doses of ,-adrenoceptor blocking drugs. Values shown are means ± s.e.mean for groups of 6 dogs.
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previously reported, i.e. 20-120 for propranolol
(Howe & Shanks, 1966; Levy & Richards, 1966;
Shanks & Dunlop, 1967; Barrett & Cullum, 1968),
20-380 for metoprolol (Toda et al., 1978) and 50 for
penbutolol (Kaiser, 1980). Comparable degrees of P-
adrenoceptor blockade were obtained for (-)- and
(+ )-isomers by administering very high doses of the
latter, except for ( + )-metoprolol for which toxic high
doses would have been required. In addition, the
results showed (- )-pindolol to be about 60 times more
potent, (-)-penbutolol 7 times more potent and (-)-
metoprolol 4 times less potent than (-)-propranolol.
Corresponding values for the (+ )-isomers were 120, 8
and >4. Overall, these results are consistent with data
from the literature which describe (±)-pindolol as
being 3-40 times more potent (Giudicelli et al., 1969;
Hill & Turner, 1969; Aellig, 1976), (-)-penbutolol
4-26 times more potent (Boissier et al., 1973;
Giudicelli et al., 1977; Sharma & Sapru, 1978) and
(±)-metoprolol 2-4 times less potent (Ablad et al.,
1973; Boucher & Duchene-Marullaz, 1980) than (± )-
propranolol.
For comparable levels of P-adrenoceptor blockade,

the (-)-isomers of pindolol and metoprolol had a
stronger ventricular bradycardiac action than the
corresponding (+)-isomers, whereas the (-)- and
(+ )-isomers of propranolol and penbutolol exhibited
no such difference. Whichever the isomer, the order of
ventricular bradycardiac potency for comparable P-
adrenoceptor blockade was metoprolol>propranol-
ol> penbutolol > pindolol, which entirely confirms
the results obtained previously with (± )-propranolol
and (±)-metoprolol (Boucher & Duchene-Marullaz,
1980). The intrinsic sympathomimetic activity exerted
by pindolol (Barrett & Carter, 1970) and to a lesser
extent by penbutolol (Boissier et al., 1973; Nyberg et
al., 1979; Kaiser et al., 1980) may explain, at least in
part, why these agents produced a weaker bradycar-
diac effect than did the other two drugs, and why (+ )-
pindolol, given the high doses used, had a weaker
bradycardiac effect than (-)-pindolol for the same
degree of P-adrenoceptor blockade. According to
some authors (Giudicelli et al., 1969; Laddu &
Somani, 1972; Frishman & Kostis, 1982; Kostis et al.,
1982) this partial agonist activity can attenuate and
even entirely offset the cardiodepressant effects of P-
adrenoceptor blocking agents which possess it.
However, it is difficult to explain why (-)-

metoprolol should have a stronger ventricular
bradycardiac activity than (+)-metoprolol, or why
(-)- and (+)-metoprolol should have a stronger
bradycardiac activity than the other isomers tested.
Some authors have considered that in addition to their
P-adrenoceptor blocking effect, the membrane
stabilizing activity exerted by certain P-adrenoceptor
blocking drugs may be implicated in their car-
diodepressant effects (especially bradycardia).
However, it is widely accepted that metoprolol exerts a
much lower membrane stabilizing activity than
propranolol (Ablad et al., 1973; Harada et al., 1981)
and that membrane stabilizing activity when it actual-
ly occurs is due either mainly to the (+ )-isomer or to
both isomers equally (Lucchesi et al., 1967; Barrett &
Cullum, 1968; Tomlinson et al., 1980; Iansmith et al.,
1983). This suggests that some other as yet unknown
pharmacological property of,-adrenoceptor blocking
agents might explain these effects. This property
would seem to be exhibited more markedly by the (-)-
isomers, and be particularly evident with metoprolol.

In conclusion, the results presented here show that
for comparable degrees of ventricular P-adrenoceptor
blockade, the (-)-isomers ofpindolol and metoprolol
have a higher ventricular bradycardiac activity than
the respective (+)-isomers, while the two isomers of
propranolol and penbutolol are equiactive, and that
whichever the isomer, metoprolol has a higher
bradycardiac activity than the other three drugs. They
further show that the isomers of the 0-adrenoceptor
blocking agents which exert an intrinsic sympatho-
mimetic activity have a weaker ventricular bradycar-
diac activity than the others, confirming the protective
role played by the intrinsic sympathomimetic activity
with regard to induced bradycardia. Ventricular P-
adrenoceptor blockade is at least partly responsible
for the ventricular bradycardia, but some other factor
is evidently also involved. This factor is apparently not
the membrane stabilizing activity exhibited by certain
P-adrenoceptor blocking agents, but might be some as
yet unknown property of such drugs, particularly of
metoprolol.

The authors are grateful for the helpful comments offered by
Dr R.J. Marshall. We also wish to thank Mrs D. Hosmalin
and Mrs M. Renoux for their assistance in the preparation of
this manuscript.
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